Heat evolution during the microbial degradation of different carbon sources in soil was calorimetrically studied with a multiplex heat-conduction calorimeter over the incubation temperature range of 295.2 to 320.9 K. Different thermograms were obtained with the degradation of D-glucose, D-fructose, D-galactose, D-mannose, sucrose or lactose as a limited energysource. While the shapes of the thermograms changed with changing of the incubation temperature, the total amount of heat evolved during the degradation of carbon sources in soil was unchanged in the temperature range of 303.6 to 320.9 K. This observation was commonfor all the experiments with the different sugars. The total amount of heat evolved observed in this temperature range was in the range of 14 to 15 kJ (g of sugar)"1. From the earlier phase of the thermogram where the heat evolution rate increased exponentially, the degradation rate constant was determined. Applying the Arrhenius equation to the system, apparent activation energies were obtained. The values obtained with the six different carbon sources were in the range of 64 to 92 kJ mol" 1. The apparent Gibbs energy of activation was determined to interpret the microbial activity for the degradation of each sugar and the degradation activity for the sugars in soil was found to be in the following order at 298.15 K; D-glucose>sucrose>lactose>d-fructose > D-galactose > D-mannose.
One of the possible applications of analytical calorimetry is to study the metabolic activity of biological cells. Much work has been done to measure calorimetrically the heat evolved in pure cultures of various microbes.1/N/5) The method is particularly interesting when it is applied to complex microbial systems, such as in putrefaction of foods,6) soils,7~n) and biological wastewater.12) By the calorimetric technique, heat changes associated with all metabolic processes taking place in a culture can be detected continuously without disturbing the system by sampling procedures, thus the thermogram allows in situ measurement of total microbial activity. Along these lines we have previously studied the soil microbial activity in a calorimeter and shownthat the methodology employed is usable for describing the microbial activity in soil.13) 14) It is well known that the temperature at which microbial cells grow has a considerable influence on the physiological conditions of the microbes, resulting in the alteration of the growth rate and the degradation activity upon organic substances.15) The effect of incubation temperature on microbial growth was calorimetrically studied for growing cultures of yeast in glucose-limited medium and analyzed in terms of kinetic parameters to determine the relationship between the microbial activity and the growth temperature.16* In the present study, the methodwas applied to soil microbial systems in order to characterize quantitatively the effect of temperature on microbial degradation of various sugars in soil. The heat evolution associated with the degradation of sugars was measured with a multiplex calorimeter and the time courses of heat evolution (thermogram) observed at various temperatures were analyzed to obtain the microbial growth rate constant. From the temperature variation of the growth rate constants, the apparent activation energy and the activation Gibbs energy for the microbial degradation of sugars were derived and the degradation activities were discussed in view of the kinetics.
MATERIALS AND METHODS
Soil sample. Alluvial soil from Tokachi, Hokkaido, Japan, prepared by Dr. T. Konno of the Hokkaido National Agricultural Experiment Station was used. The soil sample was collected from the surface to a depth of 9 cm (APi) and was promptly mixed and sieved (10x10mm mesh size). The soil sample had the following characteristics;170 pH 6.70, C/N 9.1, and available amounts ofN, P2O5 and K of 145, 456 and 961 fi% (g soil)" \ After preparation, the soil sample was stored in a polyethylene bag at room temperature for at least three months before being used for the calorimetric experiments. The water content of the soil sample used for the experiment was controlled so that the final value after the addition of sugar solution was 20%. The number of viable microbial cells in the soil sample was estimated to be 1 x 107 cells (g soil)"1, by combining the most-probable-number method18' mwith the preincubation method. 12 >20)
Calorimeter. The apparatus used was a multiplex (six-membered) conduction calorimeter having semiconducting thermopile plates as a temperature sensor. The six different signals were taken up at 5 sec intervals by switching channels with a synchronized rotary switch which were then amplified by an Ohkura AM-1001 DC-amplifier and recorded on an Ohkura 15R-F6A Multipen Recorder. The calorimeter sensitivity as measured from the steady heat effect, A, and the parameter which converts the amplitude of the calorimeter signal to the amount of heat evolved at a hypothetically adiabatic condition, /?, were 40.7^W^V"1 and Z\.3 m5 fiV~\ respectively. Here A is related to ft by the equation A = fiK, where K is a heat leakage modulus. Details of the calorimeter and its operation were previously reported. 14' 21-1
Procedures. Experiments were conducted on six soil samples with six different sugars as a limited carbon source. The sugars employed were D-glucose, D-fructose, D-galactose, D-mannose,sucrose and lactose. To a soil sample in a 30 cm3 glass vial which served as the calorimetric vessel was added 2 ml of a solution containing one of the carbon sources (5 mgml"1) and (NH4)2SO4 (5 mg ml"1). Six vials containing the soil samples with different carbon sources were then immediately placed in the calorimeter within 3 min. A glass vial of the same size containing 10 ml H2Owas used as a reference. Each vial was plugged with a polyethylene stopper in order to prevent vaporization of water. Heat evolution associated with the degradation of the added carbon source, i.e., the growth of microbial cells in the soil sample, was recorded as a function of time. Measurements were repeated with changing of the incubation temperature from 295.2 to 320.9 K with about 2.5 degree intervals. A change in pH of the soil samples on the addition of carbon sources was not observed.
RESULTS AND DISCUSSION
The reproducibility of thermograms obtained with D-glucose as a carbon source was reported previously.14) Figures 1 and 2 show the effect of incubation temperature on the thermograms of microbial degradation of the six different carbon sources. It is obvious that in all cases with the different sugars the thermogram remarkably changes with changing of the incubation temperature. Moreover, the results show that the changes in the thermograms with temperature depend on the kind of carbon source added to the soil. As a whole, the degradation thermograms of the six sugars can be divided into two groups by their peak times. D-glucose, D-fructose and sucrose belong to the group which have relatively high and early degradation activity at all incubation temperatures. Their optimum temperatures were high, estimated to be 309 to 310 K (Fig. 1) . While in the high temperature range up to 316.0 K, only D-fructose showed a significant broadening in the thermogram with increasing temperature (Fig. lc) . In contrast, D-galactose, D-mannoseand lactose belong to another group having long induction periods, and the optimum temperatures were 307, 304 and 308 K, respectively (Fig. 2) . The case of lactose as the carbon source showed the highest sensitivity to temperature among the six sugars. The thermograms were strikingly affected by either increasing or decreasing of the incubation temperature from around 308 K (Fig.  2a) . The effect of temperature on the total amount of heat evolved during the degradation of the six carbon sources (the closed area under the curves) was not significant in the temperature range of303.6 to 320.9 K. The total heat evolution obtained in the above temperature range was almost the same for all the six carbon sources, and was 14 to 15 kJ (g of sugar)"1.
The above results for soil samples with different carbon sources indicate that the temperature effect on the degradation thermogram is characteristic of the species of degradative microbes present in the soil. In an attempt to characterize the temperature effect caused by the ecosystem present in the soil, quantitative analysis was done as follows.
It has been already shown that the actual heat evolution in the calorimetric vessel may be obtained by correcting for the heat exchange between the calorimetric vessel and its surroundings using the following equation22} :
f(t )=g(t )+K^g(t )dt (1) where f(t) is the actual heat evolution during the incubation period t, g(t) is the calorimetric output, and K is the heat leakage modulus of the system or Newton's cooling constant. For the heat leakage modulus, a value of K= 7.89 hr"1 was used, the determination of which at time t was numerically calculated at 0.5 hr intervals using Eq. (1). In a study of brown andosol soil?19) linear relationships between integral heat evolution and the viable cell number and between integral heat evolution and glucose degradation in the course of microbial growth were observed under the same experimental conditions as here. These results led to the conclusion that the heat evolution is proportional to both the increase in the number of viable cells and the amount of glucose degraded. We suggest that this relationship may also hold for the present study with alluvial soil. Based on this together with the fact that the heat evolution process during 
where At is an appropriate time interval.
Plotting log {f(t+ Jt)-f(t)} against t, a straight line is obtained, the slope of which is ju/2.303.
In Fig. 3 , the Guggenheim plots obtained for D-glucose added to soil at the incubation temperatures of 300.7, 305.7 and 320.9K are presented.
One of the possible ways to evaluate the temperature effect on microbial growth characteristics in soil is, obviously, the application of the Arrhenius equation to the system. Using it, we have for the present system:
where EAis the apparent activation energy for the microbial degradation of a given sugar, T is the absolute temperature, R is the gas constant, and C is a constant. Another important method for evaluating the temperature effect on the degradation activity in soil is the application of the absolute reaction rate theory. Wehave defined the rate constant as the degradation rate constant of microbes in soil. Using this, and applying the theory to the present system, the apparent Gibbs energy change of activation AG* can be obtained for each of the different carbon sources. AG*=RT{\n (kT/h)~ln p) (5) where k is the Boltzmann constant and h the Planck constant.
For such a complex biological degradation as studied in the present experiment where numerousbiochemical processes are involved, the over-all reaction is assumed to be kinetically restricted by one of the processes whose rate constant is the lowest. The apparent Gibbs It is needless to mention that the lower the value of AG* is, the higher the degradation activity of soil is. Figure 5 shows the temperature dependence of AG* calculated from Eq. (5) by using the best-fit value of /u obtained by Eq. (4) . The values of AG*obtained for microbial degradation of various sugars added to soil are summarized in Table I . The AG*values obtained were 77~78kJ mol"1 in every case and we propose to use these values for the representation of relative degradation activity. According to the above proposal, we determined the degradation activity for each of the sugars added to soil at 298. 15 Best-fit value and its confidence limit of 90 %probability.
less meaning. We believe that the methodology presented here on the soil microbes might be one of the potential tools to predict quantitatively the biological activity of ecological systems.
